The present study focused on the effects of trunk extensor muscles fatigue on postural control during quiet standing under different somatosensory conditions from the foot and the ankle. With this aim, 20 young healthy adults were asked to stand as immobile as possible in two conditions of No fatigue and Fatigue of trunk extensor muscles. In Experiment 1 (n = 10), somatosensation from the foot and the ankle was degraded by standing on a foam surface. In Experiment 2 (n = 10), somatosensation from the foot and ankle was facilitated through the increased cutaneous feedback at the foot and ankle provided by strips of athletic tape applied across both ankle joints. The centre of foot pressure displacements (CoP) were recorded using a force platform. The results showed that (1) trunk extensor muscles fatigue increased CoP displacements under normal somatosensatory conditions (Experiment 1 and Experiment 2), (2) this destabilizing effect was exacerbated when somatosensation from the foot and the ankle was degraded (Experiment 1), and (3) this destabilizing eVect was mitigated when somatosensation from the foot and the ankle was facilitated (Experiment 2). Altogether, the present Wndings evidenced re-weighting of sensory cues for controlling posture during quiet standing following trunk extensor muscles fatigue by increasing the reliance on the somatosensory inputs from the foot and the ankle. This could have implications in clinical and rehabilitative areas.
Introduction
Muscle fatigue represents an inevitable phenomenon for physical, professional and daily activities that the central nervous system (CNS) has to take into account. In recent years, a growing number of studies have reported increased postural sway during quiet standing with muscle fatigue localized at the lower back (Davidson et al. 2004; Madigan et al. 2006; Pline et al. 2006; Vuillerme et al. 2007) . Although the exact mechanism inducing these postural impairments is rather diYcult to be determined, it is likely that an alteration of the functionality of the sensory proprioceptive and motor systems caused by trunk muscles fatiguing exercise explained these observations. Indeed, previous studies have reported that trunk muscles fatigue altered proprioceptive acuity at the ankle (Pline et al. 2005 ) and the torso (Taimela et al. 1999) , delayed the reaction time of the muscles in response to a sudden load (Wilder et al. 1996) , reduced the force-generating capacity (e.g. Ng et al. 2003; Potvin and O'Brien 2002) and increased its variability (e.g. Ng et al. 2003; Potvin and O'Brien 2002 ).
Interestingly, the abovementioned studies assessed the postural eVects of trunk extensor muscles fatigue under normal somatosensory conditions from the foot and ankle.
Considering the important role of foot and ankle somatosensory inputs in the regulation of postural sway during quiet standing (e.g. Kavounoudias et al. 2001; Meyer et al. 2004 ), the present study was thus designed to assess the effects of trunk extensor muscles fatigue on postural control during quiet standing under diVerent conditions of availability and/or accuracy and/or reliability of somatosensory inputs from the foot and the ankle. It was hypothesized that (1) trunk extensor muscles fatigue would increase postural sway during quiet standing and (2) this effect would depend on the availability, accuracy and/or the reliability of the somatosensory information at the foot and ankle. Specifically, we expected that an alteration and a facilitation of somatosensory inputs from the foot and the ankle would exacerbate and mitigate the destabilizing effect of trunk muscles fatigue, respectively.
Methods
Ten young university students (age: 26.0 ± 5.6 years; body weight: 73.7 ± 8.9 kg; height: 180.2 ± 6.4 cm; mean § S.D.) participated in Experiment 1. Ten other young university students (age: 24.5 ± 4.2 years; body weight: 74.3 ± 7.4 kg; height: 178.5 ± 5.2 cm) took part in Experiment 2. They gave their informed consent to the experimental procedure as required by the Helsinki declaration (1964) and the local Ethics Committee and were naive as to the purpose of the experiment. None of the subjects presented any history of motor problem, neurological disease or vestibular impairment. With their eyes closed, subjects stood barefoot on a force platform in a natural position (feet abducted at 30°, heels separated by 3 cm), their arms hanging loosely by their sides and were asked to sway as little as possible.
The force platform (Equi+, model PF01), which constituted of an aluminium plate (80 cm each side) lying on three uniaxial load cells, was used to measure the displacements of the centre of foot pressure (CoP). Signals from the force platform were sampled at 64 Hz, amplified and converted from analogue to digital form.
In Experiment 1, the postural task was performed on two Firm and Foam support surface conditions. The force platform served as the Firm support surface. In the Foam condition, a 2-cm thick foam support surface, altering the quality and/or quantity of somatosensory information at the foot sole and the ankle, was placed under the subjects' feet (Vuillerme et al. 2001a (Vuillerme et al. , 2005 Isableu and Vuillerme 2006) .
In Experiment 2, the postural task was performed on a Firm support surface in two conditions of No tactile stimulation and Tactile stimulation of the foot and ankle. The No tactile stimulation condition served as a control condition. In the Tactile stimulation condition, two pieces of 5-cm wide strips of athletic tape were applied in a distal-proximal direction directly to the skin in front of and behind the subject's talocrural joints (Simoneau et al. 1997 ). The first strip, starting approximately 10 cm proximal to the ankle joint line and ending 5 cm distal to the ankle joint line, was positioned directly on the skin over the anterior aspect of the ankle joint. The second strip was used posteriorly over the Achilles tendon and calcaneus. These strips of tape, used to selectively provide cutaneous sensory feedback around both ankles without the added mechanical constriction and mechanical pressure on subcutaneous structures associated with the application of ankle taping as used in athletic events, have previously been shown to improve ankle proprioceptive acuity in young healthy subjects (Simoneau et al. 1997 ).
For both the Experiment 1 and Experiment 2, this experimental procedure was executed the same day before (No fatigue condition) and immediately after a designated fatiguing exercise for trunk extensor muscle (Fatigue condition). The muscular fatigue was induced until maximal exhaustion with trunk repetitive extensions as recently described by Vuillerme et al. (2007) . Subjects lay prone on a bench with the upper body unsupported in the horizontal plane. The lower extremities were secured to the bench with straps at the hips, knees and ankles. During the test, arms were held crossed the chest. Subjects were instructed to raise their upper body to a horizontal position and then lower it back down as many times as possible following the beat of a metronome (40 beats/min). Verbal encouragement was given to ensure that subjects worked maximally. The fatigue level was reached when subjects were no more able to complete the trunk extension exercise. Immediately on the cessation of exercise, the subjective exertion level was assessed through the Borg CR-10 scale (Borg 1990 ). Subjects rated their perceived fatigue in the trunk extensor muscles as almost "extremely strong" (mean Borg ratings of 8.4 and 8.8, for Experiment 1 and Experiment 2, respectively). The recovery process after fatigue procedures is often considered as a limitation for all fatigue experiments. In the present study, to ensure that balance measurement in the Fatigue condition was obtained in a genuine fatigued state, various rules were respected (Vuillerme et al. 2001b (Vuillerme et al. , 2002a (Vuillerme et al. , b, 2005 (Vuillerme et al. , 2006 (Vuillerme et al. , 2007 Vuillerme and Demetz 2007; Vuillerme and Nougier 2003) . (1) The fatiguing exercise took place beside the force platform, so that there was a short time-lag between the exercise-induced fatiguing activity and the balance measurements and (2) the fatiguing exercise was repeated prior to each trial. were performed whenever necessary. Level of significance was set at 0.05.
Results

Experiment 1
Analysis of the surface area covered by the trajectory of the CoP showed a significant interaction of Fatigue × Support surface [F(1,9) = 9.37, P < 0.05]. As illustrated in Fig. 1 , the decomposition of this interaction into its simple main effects indicated that (1) (Figs. 1, 2, left part) . This result confirms our hypothesis 1, in accordance with previous reports (Davidson et al. 2004; Madigan et al. 2006; Pline et al. 2006; Vuillerme et al. 2007 ).
Beyond these well-established results, our results further evidenced that the effects of trunk extensor muscles fatigue during quiet standing depended on the availability, accuracy and/or reliability of somatosensory inputs from the foot and the ankle, confirming our hypothesis 2.
In Experiment 1 (n = 10), somatosensation from the foot and ankle was degraded by standing on a foam surface (Vuillerme et al. 2001a (Vuillerme et al. , 2005 Isableu and Vuillerme 2006) . The observation of a signiWcant interaction Fatigue × Support surface (Fig. 1) showed that this destabilizing effect of trunk extensor muscles fatigue was exacerbated when somatosensation from the foot soles and ankles was degraded.
In Experiment 2 (n = 10), somatosensation from the foot and ankle was facilitated through the increased cutaneous feedback at the foot and ankle provided by strips of athletic tape applied across both ankle joints (Simoneau et al. 1997) . The observation of a signiWcant interaction Fatigue × Tactile stimulation (Fig. 2) showed that the destabilizing effect of trunk extensor muscles fatigue was mitigated when somatosensation from the foot soles and ankles was facilitated. This result suggests that the CNS was able to integrate the afferent input from cutaneous mechanoreceptors in the foot and shank (stimulated by the pressure and traction of 9 the material on the skin) to limit the postural destabilization induced by trunk extensor muscles fatigue.
Altogether, results of Experiment 1 and Experiment 2 evidenced an increased reliance on somatosensory inputs from the foot soles and ankles for controlling posture during quiet standing following trunk extensor muscles fatigue. These findings could be attributable to sensory reweighting hypothesis (e.g. Horak and Macpherson 1996; Oie et al. 2002; Peterka 2002; Peterka and Loughlin 2004; Vuillerme et al. 2001b Vuillerme et al. , 2002a Vuillerme et al. , 2005 Vuillerme et al. , 2006 
